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Silicon Photodiode Vacuum Ultraviolet Detectorq
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The photosensitivity of silicon surface-barrier photo-

diodes has been measured over the photon energy range from
4.9 to 21.2 ev (2537 to 584A). The photodiodes are operated
in the reverse-bias mode at room temperature. The sensiti-
vity of a typical photodiode with approximately 100A of gold

on the sensitive surface is 0.16 electrons/photon at 2536A

and 1.1 electrons/photon at 584A, The photosensitivity is
uniform over the sensitive area (0.56 to 2.75 sz) to within

a few percent. The operating characteristics of these devices
are reported and the use of the silicon photodiode directly, or
in combination with sodium salicylate, as a vacuum ultraviolet

detector is discussed.

HuTtHo S

OTS PRICE

XEROX $ L’ J

MICROFILM  $

REPCRTC Clilinol lowonieame




1. INTRODUCTION

Of growing importance in both the laboratory and in
the space sciences is the need for detectors which are sensitive to
ultraviolet radiation. This need has led, in recent years, to a var-
iety of ultraviolet photodetectors. Excellent discussions of the use %
of thermocouples, phosphor-coated photomultiplier tubes, and of re-
cently developed ultraviolet photodetectors of the photoemissive, ion
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chamber, and other types may be found in the literature,

The operating characteristics of various types of photo-

diodes in the visible and near-ultraviolet regions of the spectrum have

been studied for some time, 4 but very little information is avail-

able on photodiodes suitable for use as detectors in the vacuum-ultra-
violet. This paper describes the operating characteristics of the silicon
surface-barrier photodiode over the photon energy range from 4.9 to
21.2ev (2537 - 584A) and the use of this photodiode directly, or in
combination with sodium salicylate, as a vacuum-ultraviolet detector.

The work reported here represents an extension of earlier experiments, 1

where the photoresponse of the silicon surface-barrier photodiode was

studied in the visible and near-ultraviolet (5461 - 25374).
2. PHOTODIODE

A silicon surface-barrier photodiode as used in this ex- }
periment is shown schematically in Fig. 1. The space-charge region
extends irom x = 0 to x = W(VO), whe#é VO is the applied bias voltage,
The nature of the space-charge region and the operating characteristics
of this type of photodiode in the visible and near ultraviolet are dis-
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cussed elsewhere, The high electric field which exists in the



space-charge region of such a reverse-biased photodiode will sepa-
rate any electron-hole pairs generated in the high field region by a
photon, resulting in a photocurrent in an external circuit. We con-
sider first, the case where the vacuum-ultraviolet radiation is in-
cident on the photodiode directly and in Sec. 5, the case where the
radiation is incident on a sodium salicylate film located in front of
the photodiode.

Referring to Fig. 1, let F be the steady state flux den-
sity of photons of wavelength \ transmitted by the gold film at x = 0.
Then, the number of electron-hole pairs produced per unit time per

cm , g(x), at any x is
-oX
g(x) =nF ae , (1)

in which n is the quantum efficiency of silicon, defined as the number
of electron-hole pairs produced as a result of the absorption of one

photon of wavelength \, and a is the absorption coefficient for the
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photons, which are assumed to be monochromatic. It can be shown
that as a result of this volume generation rate, the photocurrent in the

photodiode is

-aW
= - T! -
Ly = -anTN (e o1, (2)
in whith q is the electronic charge, T'is the transmittance of the gold
. . 11 . .
film and is defined = as the ratio of F to FO, NO is the number of pho-
tons per unit time incident on the gold film, and W ic the depth of the

barrier region. Since the optical absorption coefficient of silicon is

5 -1
very large (> 10 cm ) in the wavelength interval considered here
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(2537 - 584A)", and W » 50u under operating conditions, 1 the

exponential term is negligible, and Eq. (2) reduces to

The sensitivity S of the photodiode is defincd nere as

S(electrons /photon) = Iph/(qNO )- (4)

The quantity S is the number of electrons flowing in an external load

resistor (Fig. 1) per photon incident on the photodiode.

The photodiodes were operated in the reverse-bias mode,
so that the total current in the diode is the sum of the "dark" current
and the photocurrent given by Eq. (3). 1 Under experimental condi-
tions, the diodes were operated at 6 volts reverse bias, in which case

the dark currents ranged {rom = 1 x 10-8 to = 1x 10_7 amp. The

-1 -12
0 tox 5x 10 amp,

photocurrents were in the range=~ 3 x 10
making dc measurements of the photocurrents diificult in the presence
of such large dark currents. To eliminate this difficulty, the light in-
cident on the photodiodes was chopped at 13 cps and the ac signal
across a load resistor was amplified, rectified, and measured with a
voltmeter,

The low frequency equivalent circuit of a photodiode and
preamplifier is shown in Fig. 2, where quantities not affecting the per-
formance of the photodiodes as used here are omitted. t The current
generator Iph accounts for the ac photocurrent, RB is the back-resis-
tance of the reverse-biased photodiode, RL is tne load resistance, and
R, is the input-resistance of the preamplifier. For the output signal

A

to be proportional to the productI h RL, RL must be small compared
p




A

6 volts), the output signal was proportional to the product I hRL
P

for all ranges of photocurrents and load resistance values used.

io RB ana R,. Under experimental conditions (reverse bias of

An important advantage in operating the photodiodes in the reverse-bias
mode is that a very large range of linearity of photodiode signal with
photon flux is possible, 14The output signal was also measured as a
function of applied bias (1 to 22.5 volts) and was found to be indepen-
dent of the applied bias, The procedures employed to calibrate the

. . . . 17
electronic apparatus used in this work are described elsewhere.

3. EXPERIMENTAL METHODS AND RESULTS

The general techniques used in the fabrication of the pho-
todiodes were similar to those described in detail elsewhere. 18 Single-
crystal n-type silicon was used as the starting material. The electrical
resistivity ranged from 700 to 4000 ohm-cm and the minority carrier
lifetime ranged from 400 to 2000u sec—/ The sensitive areas of the
finished photodiodes ranged from 0.56 to 2.75 cmz. The optical sys-~
tem which was used is described in detail in earlier work, 7 and con-
sisted of a Jarrell-Ash, one-meter, vacuum monochromator and a

discharge lamp similar to the lamp described by Hartman. 19 Hydrogen,

helium and neon were used in the lamp.:

A sample charnber17 was mounted to the exit slit chamber
of the monochromator and contained the photodiode sample and a calibra-
ted photon detector. The pressure in the sample chamber was held
below 1 x 10.3 mm Hg. The calibrated photon detector consisted of
a RCA-6199 head-on-type photomultiplier tube with a coating of sodium
salicylate on the end of the glass envelope. This system was calibrated

by means of a calibrated nitric oxide chamber.




The spectral sensitivity of a typical photodiode with an
area of 2,75 (:rn2 and a nominal gold thickness of 100A is shown in
Fig. 3. The uncertainty in the value of S, estimated from repeated
measurements on this photodiode, is indicated by the vertical lines.
The sensitivity is seen to increase slowly with increasing photon
energy from 4.9 to = 10 ev and for hv > 10 ev, S increases rapidly
with increasing photon energy. Measurements of the type shown in
Fig. 3 were carried out on five photodiode samples, each having a
gold film thickness of approximately 100A. In all cases, the wave-
length dependence of the measured sensitivities was identical to that
shown in Fig. 3, the only difference being in the absolute magnitude of
the sensitivities. The magnitude of S at a given wavelength depends
critically upon the thickness of the gold film on the sensitive surface,
since the transmittance 1! in Eq. (3) depends upon the film thickness.
The dependence of 1' on gold thickness is particularly strong at the
shorter wavelengths (hv > 10 ev) because of the strong absorption by
the gold film, 20 When care was taken to evaporate the gold film uni-
formly over the sensitive surface, the local response11 over the sensitive
surface of a photodiode (2.75 cmz) was found to be uniform to within
a few percent,

4. DISCUSSION

If the transmittance T' were known, it would be possible
to calculate S from Eq. (3) since the quantum efficiency n has been
measured over the photon energy range considered here, 17 In general,
any calculation of the quantity T', whicn is equivalent to calculating the
transmittance of a single absorbing layer (Au) on an: absorbing substrate
(Si), will be unreliable since the effective optical constants of metallic
films with thickness of the order of 100A depend strongly upon the film
thickness and manner of film deposition, 21 In addition, the effects of any
oxide film between the silicon surface and the gold film would have to be

. 17
considered, For these reasons, no attempt was made to calculate the

transmittance.



The strong increase in S for hv > 10 ev may be under-
stood by considering the wavelength dependence of n, which is shown
in Fig. 4. 17 One sees that n increases very rapidly for hv > 10ev, and
since S equals the product of T! and n, the strong increase in S above
hv = 10 ev is attributed to the strong increase in n. The fa:t that S
does not increase as strongly as n with increasing hv above 10 ev re-
sults from the factor V!, waich decreases at the shortest wavelengths

with increasing hv, 20

5. SODIUM SALICYLATE PHOTODIODE COMBINATION

The possibility of using a silicon photodiode in combina-
tion with a scintillator crystal for the detection of charged particles
has been demonstrated, 11 and.a sodium salicylate-silicon photodiode
combination has been used to measure photon intensities in the vacu-

17
22 In both applications, the photodiode was used

um ultraviolet,
to detect the visible light emitted by the scintillator crystal or the
sodium salicylate,

In the case of the sodium salicylate-photodiode (SSP)
combination, a photodiode is mounted directly behind a glass win-
dow onto which a layer of sodium salicylate has been sprayed. The
radiation is incident on the sodium salicylate film and a fixed fraction
of the visible light emitted by the salicylate film is measured by the

photodiode. The photocurrent, I » in the photodiode is

SSP

ISSP = ¢ N(\) , (5)

in which NQ\) is the photon flux incident on the sodium salicylate, and
the quantity ¢ depends upon the quantum efficiency of silicon, the quantum

efficiency of the sodium salicylate film, the transmittance of the gold



film, and the angular distribution of the visible radiation emitted
by the sodium salicylate. For a given SSP combination, c is a
constant independent of wavelength, The constant ¢ was evaluated
for a SSP combination by measuring the photocurrent in the photo-
diode17 resulting from a known photon flux (12464) incident on the
salicylate. The photon flux at 1216A was determined by means of
a calibrated nitric oxide chamber, > Substitution of the determined

value of c into Eq. (5) gives for this particular SSP combination

N(A) = 4.1 % iOZOISSP , (6)

where the photocurrent is measured in amperes. For given photon
fluxes, Eq. (6) serves to indicate the order of magnitude of the
photocurrents to be expected for any SSP combination using a photo-

diode with ~ 1004 of gold on its surface.
6. APPLICATIONS

The silicon photodiode used alone or in combination with
sodium salicylate is a convenient detector for vacuum-ultraviolet
radiation in any application where size, weight, and power consumption
are problems. For ultraviolet intensities available from typical light
sources used in the laboratory, 17 the performance of the silicon photo-
diode has been found to compare favorably with a thermocouple, phos-
phor coated photomultiplier tube, or gas ion chamber. The photo-
diodes may be operated at any convenient low reverse bias (=1 volt)
and have been found to be stable under vacuum. The sensitivity of a
photodiode was found to be unchanged after the photodiode had been on
a shelf for several months and the photodiodes will operate satisfactorily

at elevated temperatures (NSOOC).



To illustrate the detecting limits of these devices, we
consider the minimum photon flux which may be detected by a SSP
combination or by a photodiode directly by considering the case
where the ac photosignal across the load resistor RL is applied to
the input of a preamplifier characterized by an equivalent noise
resistor RN, 23 an input-resistance RA’ and an input capacitance
CA. The smallest radiation signal which is detectable will be de-
termined by the noise generated by the detector circuit and associated
preamplifier. Disregarding any "4/f" noise contribution from the
photodiode, 24 the signal to noise ratio, s/n, per unit bandwidth at

the input of the preamplifier is>>’ 2>

s/n = 10/11 2ql + 4kTG + 4k TRN(GZ + chz) ] 1/2 , (7)

where IO is the rms photocurrent, Iis the total current in the photo-
diode, G is the sum 1/R_ + 1/RL + 1/RA, and C is the sum of the

photodiode capacitance = and CA. For small I, the thermal noise

term predominates over the shot noise term. We assume RL is much

smaller than RB and RA and much greater than RN and that terms

involving wC may be neglected. 11 Setting the resulting expression

equal to unity, the minimum detectable rms photocurrent I'o is

I = (4kT/RL)1/2 . (8)

From Eq. 8, one sees that Ifo,may be decreased by increasing RL.

An upper limit for R_ is set by the condition that RL be small compared

L

1
to R_ and Rye 7 Choosing R

B = 1 meg, Eq. (8) gives

L

I' =1.3x 10713 amp. (9)




From Eqgs. (9) and (4), the minimum detectable rms photon flux

for a photodiode used as a detector directly is
N'(A) = I'_/aS(r) = 8 x 10°/S(x). (10)

For a photodiode having the sensitivity given in Fig. 3, N' = 2,5 x
'106 photons/sec at 1246 A. For the SSP combination with the calibra-

tion given by Eq. (6),

NY(\) =1.4x 107 photons/sec. (11)

It should be noted that for the SSP combination, the minimum detectable
rms flux is independent of X (Eq. (11)), whereas for the photodiode de-
tector, it decreases with decreasing \ (Eq. (10) and Fig. 3). An advan-
tage in using the SSP combination is that this combination detector need
be calibrated at one wavelength only, whereas the photodiode detector
must be calibrated at all wavelengths of interest. However, the mini-

mum detectable photon flux is lower for the photodiode detector.

Although the above calculations are approximate, they
serve to illustrate the order of magnitude of the detecting ability of
the SSP combination or photodiode detector. The minimum detectable
fluxes predicted by Eqs. (10) and (11) represent lower limits because
of the approximations used in the calculations and the assumption of
unit bandwidth. The minimum detectable fluxes for the SSP combina-
tion and photodiode detector used in the experiment described here
were about a factor of ten greater than the values given by Egs. (10)

and (11). 17

10




The silicon photodiode is particularly suitable for
applications requiring "fast" ultraviolet detectors since studies
of the high frequency capabilities of these devices indicate that
a high-frequency cutoff in the megacycle range should be easily
attainable. In addition, the photodiodes may be conveniently

fabricated in a variety of sizes and shapes to conform to different

detecting geometries.
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FIGURE CAPTIONS

Figure 1, Silicon surface-barrier photodiode (not to scale).

Figure 2. Low-frequency equivalent circuit of a reverse-biased
photodiode and preamplifier. Quantities not affecting
the low-frequency operation are not shown. Iph is a
current generator accounting for the ac photo~current,
RL is the load resistance, RB is the back -resistance
of the photodiode, and RA is the input-resistance of
the preamplifier.

Figure 3, Spectral sensitivity for a typical silicon photodiode with
an area of 2.75 cmz and a nominal gold film thickness

of 100A.

Figure 4, Quantum efficiency of silicon.
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